Flow and flow-induced vibration of a square array of cylinders are investigated by two-dimensional numerical simulations. Flow past 36 cylinders in an inline arranged square array and 33 cylinders in a staggered arranged square array is firstly simulated, for Re=100 and the spacing ratios of L/D=1.5, 2, 3, 4, 5. Only one vortex street is observed in the wake of the cylinder array when the spacing ratio is 1.5 in the inline arrangement and 1.5 and 2 in the staggered arrangement, indicating that the critical spacing ratio for the single-vortex street mode in the staggered arrangement is higher than that in the inline arrangement. The vortex shedding from the cylinders is suppressed at L/D=3 for both inline and staggered arrangements. Vortex shedding from each individual cylinder is observed when L/D=4. Flow-induced vibration of 36 cylinders in an inline square arrangement is studied for a constant Reynolds number of 100, two spacing ratios of 2 and 5, a constant mass ratio of 2.5 and a wide range of reduced velocities. It is found that for a spacing ratio of 2, the vibration of the cylinders in the four downstream columns does not start until the reduced velocity exceeds 4.5. The vibration of the cylinders progresses downstream with increasing reduced velocity. For a spacing ratio of 5, the vibrations of the cylinders in the most upstream column are similar to that of a single cylinder. The vibration amplitudes of the downstream cylinders peak at higher reduced velocities than that of a single cylinder. The maximum possible response amplitudes occur at the most downstream cylinders.
Introduction
Flow through a group of cylinders is relevant to many engineering structures such as heat exchangers, offshore riser pipes and nuclear reactors. Flow characteristics around multiple cylinders depend on the arrangement of the cylinders and the spacing among the cylinders. Flow past two cylinders has been the topic of many studies because it provides very fundamental mechanisms of flow interference (Sumner, 2010; Tong et al., 2015) . When two side-by-side cylinders are in a fluid flow, only one vortex street is formed in the wake of the cylinders if the spacing ratio is less than 2.2 (Bearman and Wadcock, 1973; Williamson, 1985; Kim and Durbin, 1988) . The wakes from the two cylinders are found to synchronize for a certain range of spacing ratios (Williamson, 1985) . Alam et al. (2003) reported that the gap flow was biased towards one cylinder if the spacing ratio between two side-by-side cylinders was less than 2.2. If two cylinders are in a tandem arrangement, the vortex shedding occurs only from the downstream cylinder if the spacing ratio is less than about 3 to 3.5, depending on the Reynolds number (Meneghini et al., 2001; Mizushima and Suehiro, 2005; Tasaka et al., 2006) . The Reynolds number is defined as Re=UD/D, where U is the free stream velocity, D is the cylinder diameter and  is the kinematic viscosity.
Flow around four cylinders in a square arrangement was also investigated extensively. Sayers (1988) measured the drag and lift coefficients on each individual cylinder in a group of four in a square arrangement. The forces were found to be greatly influenced by the orientation of the cylinder group. The experimental study by Sayers (1990) about flow past four cylinders, which was focused on the vortex shedding frequency, showed that at certain spacing ratios and flow inclination angles asymmetrical vortex shedding took place. Lam and Lo (1992) conducted flow visualizations of steady flow past four cylinders in an inline square arrangement at a Reynolds number of 2100. It was found that the vortex shedding of the upstream cylinders was suppressed as the spacing ratio became less than 3.94D. Bistable flow in the wake of the downstream cylinders was observed when the spacing ratio was less than 1.70. Lam and Fang (1995) and Lam et al. (2003a; 2003b) measured the pressure distributions and the forces of four cylinders in a square arrangement and reported that the flow pattern had significant effects on the pressure distributions and the force coefficients. By visualizing the flow pattern using a digital particle image velocimetry (DPIV) and also numerical simulations, Zou (2009, 2010) observed several distinct flow patterns depending on the spacing ratio. Farrant et al. (2000) simulated flow past four cylinders in an inline square arrangement numerically and reported an in-phase vortex shedding mode at small spacing ratios and an anti-phase vortex shedding mode at large spacing ratios. Han et al. (2013) found three types of flow patterns for flow past four cylinders in a square arrangement at Re = 200. The wake flow was found to be similar to a single-bluff body flow pattern when the spacing ratio is small. The wiggling shielding wake was observed at an intermediate spacing ratio of 1.6. Four vortex streets were observed when the spacing ratio was 3.5 -4.0. By conducting three-dimensional numerical simulations, Tong et al. (2014) found that the flow past four cylinders in an inline arrangement at a constant spacing ratio of 2 and Reynolds numbers in the range between 100 and 500 can be classified into four flow regimes and change in the flow regime has a significant effect on the force.
With increasing number of cylinders (n) in a cylinder system, flow around a cylinder system resembles to flow through a porous medium (Nicolle and Eames, 2011) . Thus the forces induced on the cylinders and the flow field through and around the cylinder group are highly related to the void fraction. By conducting wind tunnel tests of flow about an array of up to 9×9 cylinders, Ball and Hall (1980) reported that the drag force on the cylinders was dependent on the flow incident angle. By conducting numerical simulations, Nicolle and Eames (2011) studied the effect of void fraction on flow past a circular array of cylinders ranging from 7 to 133 with a fixed Reynolds number of 100 (based on the individual cylinder diameter) and fixed array diameter of 21D. The void fraction was found to be inversely proportional to the number of cylinders in the array. The flow in the wake of the cylinder array was found to be similar to that in the wake of an isolated body for sufficiently small void fractions. The wake flow was found to be stable and the force on a cylinder array was found to be steady at moderate void fractions. For high void fractions, the flow interaction was found to be weak and force characteristics on each cylinder are similar to those of an isolated cylinder. Yu et al. (2013) simulated flow through a circular array of cylinders in the Reynolds number range of 100-2000 using a hybrid RANS/LES turbulence model. The drag coefficient was found to increase with the solid volume fraction, but decrease with increasing Reynolds number. It was also found that the drag coefficient was independent on the diameter of the cylinder array when the solid volume fraction and the Reynolds number were kept constant. Sweeney and Meskell (2003) Two different flow patterns were observed by Dehkordi and Jafari (2009) , namely the pattern through the bundles and the pattern around the bundles. Kevlahan and Wadsley (2005) studied the suppression of the three-dimensionality for flow past a square array of 9 tubes with a spacing ratio of 1.5. It was found that the tube motion did not suppress the three-dimensional instability, but did increase the spanwise correlation. Longatte et al. (2003) reported that the disappearance of the wake flow for a cylinder array enables the simplified potential flow model to be applied to predict the flow approximately.
Flow-induced vibration of cylinders is also of engineering significance and has been well documented in literature. When a fluid flow passes an elastically mounted cylinder, the synchronization (or lock-in) between the vortex shedding frequency and the vibration frequency occurs over a range of reduced velocities and the range of reduced velocity for lock-in is dependent on the mass ratio of the system and the Reynolds number (Feng, 1968; Govardhan and Williamson, 2000; Jauvtis and Williamson, 2004; Khalak and Williamson, 1996 , 1997 . The reduced velocity is defined as V r =U/f n D, with f n the natural frequency of the cylinder. The mass ratio is defined as the ratio of the cylinder mass to the displaced mass of the fluid. In order to find fundamental mechanisms of vortex-induced vibrations (VIV), many numerical studies were conducted at very low Reynolds numbers in the laminar flow regime (Anagnostopoulos and Bearman, 1992; Mittal and Kumar, 1999; Singh and Mittal, 2005; Prasanth et al., 2006; Leontini et al., 2006) . The lock-in regimes of the reduced velocity at low Reynolds numbers were found to be narrower than those at high Reynolds numbers. Guilmineau and Queutey, (2004) , Pan et al. (2007) , Kataoka, (2008) and Zhao and Cheng (2011) simulated VIV of a cylinder in turbulent flows by solving the Reynolds-Averaged Navier-Stokes (RANS) equations. The RANS equations were found to give reasonably good predictions of response amplitude and frequency of the cylinder.
Recent studies of VIV of multiple cylinders were mainly focused on two-cylinder systems. Fontaine et al. (2006) classified the response of two riser pipes in a tandem arrangement in two categories: Wake Induced Oscillation (WIO) and Vortex Induced Vibration (VIV). WIO (also referred to as galloping) is known to be a self-limited motion with a maximum order of 1D for a single riser (Ruscheweyh , 1983; Brika and Laneville, 1999) . Bokaian and Geoola (1984) found that the vibration of an elastically mounted circular cylinder in the wake of a fixed upstream cylinder could be a VIV, a galloping or a combination of VIV and galloping, depending on the gap between the two cylinders. Numerical studies of VIV of two cylinders in tandem were mainly conducted at relatively low Reynolds numbers and gaps between the two cylinders of 5D or 5.5D Kumar, 2001, 2004; Bao et al., 2011) . The studies of VIV of two side-by-side cylinders in fluid flow are fewer than those of two tandem cylinders. Huera-Huarte and Gharib (2011) investigated vortexinduced vibration of two flexible cylinders in side-by-side and tandem arrangements. The interference between the two cylinders was found to be very weak if the centre-to-centre gap exceeded 3.5D. Rahmanian et al. (2012) , Zang et al. (2013) and Zhao and Yan (2013) investigated VIV of two cylinders of different diameters close to each other and found the interference between the two cylinders has significant effect on VIV. The studies of VIV of four cylinders are even fewer than that of two cylinders. Zhao and Cheng (2012) simulated vortex-induced vibration of four cylinders in a square arrangement numerically at a spacing ratio of 3 by solving the Reynolds-Averaged Navier-Stokes equations. The lock-in regime of the reduced velocity was found to be widened at small alignment angles (0° alignment angle corresponding to the inline arrangement) and the response amplitude was found to be the weakest at an alignment angle of 45° (diamond arrangement).
The studies of flow-induced vibration of an array of cylinders are limited. When a cylinder in an array of cylinders is flexible, the change of the fluid forces can induce instability if the energy input by the fluid force exceeds the energy due to damping and leads to the vibration of the cylinder (Blevins, 2001) . Price et al. (1995) conducted flow visualization experiments for the interstitial cross-flow through a parallel triangular array of cylinders with a spacing ratio of 1.375 and a rotated square array with a spacing ratio of 1.5. No vortex shedding was found for the parallel triangular array. However, if one of the third or fifth row cylinders was replaced by a flexible cylinder, large amplitude vibration was observed. Kevalahan (2011) presented results of the potential flow and twodimensional Navier-Stokes calculations and found that vortex dynamics is the dominant factor determining the vibrational stability of inline tube arrays. This paper is focused on flow and flow-induced vibration of a cylinder array in a square arrangement at low Reynolds number. The investigation is carried out through numerical tests by solving the two-dimensional incompressible Navier-Stokes equations. A low Reynolds number of 100 based on individual cylinder diameter and a low mass ratio of 2.5 are chosen in the simulations.
Studies of VIV of cylindrical structures at low mass ratios are relevant to the response of the offshore structures such as pipelines, riser pipes in water flow. It is well know that the flow in the wake of a single cylinder becomes three-dimensional if the Reynolds number exceeds about 140-190 (Williamson, 1996) . Re=100 is chosen to be the same as that used in previous studies for a cylinder bundle with a large number of cylinders (Nicolle and Eames, 2011; Dehkordi and Jafari, 2009) , which is large enough to trigger vortex shedding for an individual member in the array, but considerably small to minimize the three-dimensionality of the flow. A low Reynolds number is considered because simulations for flow past an array of cylinders with large Reynolds numbers in the turbulent flow regimes require tremendous and unaffordable computational time.
Simulations for flow past a square array of stationary cylinders are conducted for an inline arranged array of 36 cylinders and a staggered arranged array of 33 cylinders as shown in Fig 13  14  15  16  17  18   19  20  21  22  23  24   25  26  27  28  29  30   31  32  33  34  35 
where x 1 =x and x 2 =y are the Cartesian coordinates in the inline and the transverse directions of the flow, respectively; u i is the fluid velocity component in the
is the velocity of the computational mesh, t is the time and ρ is the density of the fluid. In the ALE scheme, the mesh nodes are moved according to the displacements of the cylinders and the velocity mesh 
where Y is the displacement of the cylinder in the cross-flow direction, m is the mass of the cylinder, c is the damping constant, k is the spring constant and F L is the lift force of the cylinder. The equations of motion Eq. (3) is solved using the fourth-order Runge-Kutta algorithm. The NS equations are solved by the Petrov-Galerkin finite element method (PG-FEM), which has been successfully used in the simulations of two-dimensional flow-induced vibrations of two cylinders at low Reynolds numbers by Zhao (2013) and Zhao and Yan (2013) and the three-dimensional flowinduced vibration by and . For each cylinder array configuration, a rectangular computational domain of a length of 50L array in the inline direction and a width of 40L array in the cross-flow direction is used as shown in Fig. 1 (c) , where L array =5L+D is the boundary length of the whole square cylinder array. The cylinder array is in the middle of the computational domain in the cross-flow direction and 20L array downstream the inlet boundary. Prasanth and Mittal (2008) found that the blockage only affects the occurrence of the hysteresis in a very narrow reduced velocity regime if it is less than 5%. It is expected that the blockage of 2.5% in this study will have little effects on flow-induced vibrations.
To impose boundary conditions, the velocity at the inlet boundary is specified according to the reduced velocity. On the surface of each cylinder, the velocity of the fluid is the same as the vibration velocity of the cylinder. At the two side boundaries that are parallel to the flow direction, the velocity component in the cross-flow direction is zero and the gradient of the inline velocity component in the cross-flow direction is zero.
In ALE scheme, the finite element nodes need to be moved after each computational time step according to the updated positions of the cylinders. The governing equation for calculating the displacements of the FEM mesh is (Zhao and Cheng, 2011) 
where y S is the displacement of the mesh nodes in the cross-flow direction and γ is a parameter that controls the mesh deformation. In order to avoid excessive deformation of the near-wall elements, the parameter γ in a finite element is set to be A / 1   , with A the area of the element. Eq. (4) is solved by a Galerkin FEM. The boundary conditions for Eq. (4) are that the displacement of the mesh is the same as the vibration displacement on the cylinder surfaces and zero on the rest of the boundaries. When the cylinders are allowed to vibrate, collision between two cylinders may occur when the spacing ratio is small. If two cylinders collide with each other, the simulation cannot be continued because mesh between them is extremely distorted. The method for treating the collision between two cylinders is the same as the one used in Rahmainian et al. (2014) . In the numerical simulations, collision occurs if the gap between two cylinders is sufficiently small (0.02D). The velocities of the two cylinders after the collision are calculated based on the conservations of energy and momentum. If two cylinders with the same mass and the same volume collide with each other, they exchange their velocities during the collision.
Mesh dependency study
The present numerical model has been validated against a number of similar flow problems to the one investigated in this study and therefore no further validation of the model is carried out in this study. Zhao (2013) validated the present numerical model against the published data of flow past two cylinders at Re=200 and VIVs of a single cylinder and a two-cylinder system at m * =2.34 and Re=150. also validated the model against the published data for VIV of a single cylinder at m * =10, Re=100. Based on the force coefficient in Fig. 5 it can be seen that the flow is not fully developed until Ut/D>1000 in some cases. When the spacing ratio L/D=1.5, the flow through the cylinder array is weak and no vortex shedding happens from individual cylinder (refer to Fig. 4 (a) and ( for the staggered square arrangement. The occurrence of vortex shedding at a further downstream location in the inline arrangement than that in the staggered arrangement is because the gap flows in the former arrangement are considerably stronger that those in the latter. Although vortex shedding is observed behind both cylinder arrangements for L/D=2, both drag and lift oscillations are very weak ( Fig. 5 ). This is because the vortex shedding occurs far away downstream from the cylinder array and the pressure variation induced by vortex shedding has little influence on pressure distribution on the cylinder surfaces. Fig. 4 . The flow pattern for L/D=4 in the inline arrangement shown in Fig. 3 (d) shows an example of in-phase shedding pattern and the in-phase is especially obvious for the vortex shedding around the cylinders in the first three columns of cylinders. The vortex shedding around the cylinders in the array with the staggered arrangement for L/D=4 is largely in phase but not as obvious as in the inline arrangement except for the vortex shedding patterns around the six cylinders in the upstream column of the array, due to the strong interactions of vortex shedding processes from individual cylinders. The strong interaction among vortex shedding flows is evidenced by irregular but yet large oscillations of lift coefficient shown in Fig. 4 (i) . In contrast, the vortex shedding patterns around the cylinders in the cylinder array with both arrangements for L/D=5
are largely anti-phase, resulting in very small oscillation amplitudes of both lift and drag coefficients as shown in Fig. 4 (e) and (j), although the anti-phase vortex shedding features are more pronounced in the inline square arrangement than in the staggered square arrangement. In the inline arrangement, the vortex shedding pattern for L/D=4 is in the anti-phase pattern until Ut/D=1400 as evidenced by the zero lift coefficient as shown in Fig. 5 (a) . The vortex shedding flow pattern starts to transit from an anti-phase to an in-phase pattern from Ut/D=1400 to 1800 and remains an in-phase pattern for the rest of the simulation until Ut/D = 2600. At L/D=5, the vortex shedding flow is largely in an antiphase pattern for the whole simulation period (Ut/D=2800). The force coefficients for flow past the staggered square cylinder array at L/D=4 and 5 are generally irregular due to strong interactions among the vortex shedding processes from individual cylinders as shown in Fig. 4 (h) and (j).
Flow-induced vibration of a square array of cylinders
When flow-induced vibration of a square array of cylinders is simulated, only the inline arrangement is considered and the simulations are conducted at two spacing ratios: L/D=2 and 5.
Each cylinder is elastically mounted by a spring and vibrated independently as shown in Fig. 2 . For the convenience of discussion, the cylinders are labelled as C1 -C36, respectively; the rows of the cylinders are labelled as rows 1 to 6; the columns of the cylinders are labelled as columns 1 to 6. The proximity of the cylinders will make the vibration of each cylinder different from that of an isolated single cylinder. When the spacing ratio is L/D=2, the simulation cannot be conducted for reduced velocities greater than 16 because of strong distortion of the computational mesh. Because of this, the range of the simulated reduced velocity is 1-16 for L/D=2 and 1-30 for L/D=30. Fig. 6 shows the contours of the nondimensional vorticity for VIV of the cylinder array for L/D=2. Fig. 7 shows the variation of the vibration amplitude with the reduced velocity. Only the amplitudes of cylinders 1 -18 (denoted by C1 -C18 hereafter) are shown in Fig. 7 , because the amplitudes of top three rows of cylinders are found to be the same as those of the bottom three rows of cylinders, respectively. Different from that of stationary cylinders in Fig. 4 (b) , two rows of vortices are aligned on the top and bottom sides in the wake of the cylinder in Fig. 6 , instead of two free shear layers. The two rows of vortices are shed from the top and bottom rows of cylinders.
When V r =4, the vortices are shed only from the gap between cylinders 1 and 2 (bottom left corner) and the gap between cylinder 31 and 32 (top left corner). Obvious vortex motion is observed behind the most upstream column of cylinders. The flow is almost static after the second upstream column of cylinders, leading to zero vibration amplitudes of cylinders in columns 3 to 6 as shown in Fig. 7 .
With increasing reduced velocity, the motion of the vortices extends towards downstream. When the reduced velocity is V r =8, the vortices are shed from the top and bottom cylinders of the first three columns and vortex motion extends to behind the third column of the cylinder. At this reduced velocity the flow behind the two downstream columns of cylinders (columns 5 and 6) is still almost steady, leading to zero amplitudes of the cylinders in columns 5 and 6 as shown in Fig. 7 . Dynamic vortex motion is observed behind all the cylinders at V r =12 as shown in Fig. 6 (c) . Correspondingly, all the cylinders have non-zero amplitudes at V r =12 as shown in Fig. 7 . Obvious vortex shedding behind the 6 most downstream cylinders occurs at V r =12 and become stronger at V r =16. Fig. 6 Contours of the nondimensional vorticity for VIV of the cylinder array for L/D=2
It can be seen in Fig. 7 that the minimum reduced velocity for the vibration of cylinders 11 and 12, the most downstream two cylinders in the two middle rows, are the highest among other cylinders. This is because the influence of the vortex motion reaches these two cylinders the latest.
Although the vibration amplitudes of the most downstream column of cylinders starts at higher reduced velocity, once the vibration starts, the amplitudes of these cylinders increase with increasing reduced velocity and are greater than those of the most upstream column of cylinders at V r =16. Fig. 7 Variation of the vibration amplitude with the reduced velocity for L/D=2 Fig. 8 shows the spectra of the displacement and the lift coefficient for V r =5, 9 and 14. The amplitudes of the displacement and the lift coefficient are normalized by their corresponding peak values, respectively. When V r =5, the response displacement and the lift coefficient of all the cylinders have the same predominant frequency. The very sharp spikes in Fig. 8 (a) indicate the regularity of the vibration. As the reduced velocity increases to 9, the lift coefficient of each of cylinders 1 to 3 has three dominant frequencies. The frequency of the displacement is the same as the lowest frequency of the lift coefficient, which is closest to the natural frequency. For V r =9, distinct peak frequencies can only be observed in the upstream cylinders C1-C3. When the reduced velocity is increased to 16, the vibrations of all cylinders become irregular. are not shown because the flow is found to be steady as shown in Fig. 4 (b) and the vibration amplitudes are zero. It can be seen that the vibration frequencies of all the cylinders are smaller than that of a single cylinder, except at two reduced velocities of V r =3.5 and 4. When the reduced velocity is less than 5.5 inclusive, the frequencies of all the cylinders are the same. When 5 . 5 r  V , response is dominated by a single frequency as shown in Fig. 8 (a) , because the vortex shedding only occurs from the most upstream columns of the cylinders, leading to weak vortex interaction. As the reduced velocity exceeds 6, the vortex shedding from more cylinders occurs and there is strong interaction between the vortices. It is interesting to see in Fig. 9 that the vibration frequencies of the upstream three columns of cylinders are generally higher than that of the downstream three columns of cylinders, with a few exceptions. 
C18 Single cylinder (c) C13 -C18 Fig. 9 Variation of the frequency of the vibration displacement with the reduced velocity for L/D=2. Fig. 10 and Fig. 11 show the variations of the vibration amplitude and frequency with the reduced velocity, respectively for L/D=5. The response amplitudes of the cylinders in different columns are clearly different from each other. Because the spacing ratio has been very large, the response amplitude and frequency of the first column of cylinders are very close to their counterparts of a single cylinder, respectively. Due to the larger spacing ratio, the vibrations of the cylinders in different columns are more different from each other than those for the smaller spacing ratio of L/D=2. Assi et al. (2006) found that, when a cylinder is elastically mounted in the wake of a fixed cylinder, the response amplitude increases continuously with increasing reduced velocity until the reduced velocity is about 13. Bao et al. (2011) found that the response amplitude of an elastically mounted cylinder in the wake of a fixed cylinder, maintains high amplitude after it peaks at a higher reduced velocity. In this study, it was found that reduced velocity where the response amplitude peaks increases with increasing column number. It can be seen in Fig. 10 It can be seen that the vibration frequencies of the first column of cylinders C1, C7 and C13 are the same as those of the second columns of cylinders C2, C8 and C14, respectively. The increase rates of the vibration frequency of the cylinders in columns 3 to 6 with increasing reduced velocity are reduced significantly compared with that of a single cylinder. Brika and Laneville (1999) attributed the reduction of the increase rate of the vortex shedding frequency of an elastically mounted cylinder in the wake of a fixed cylinder to the reduction of the mean flow velocity in the wake of the upstream cylinder. It can be seen in Fig. 11 that the response frequencies of the cylinders in the most downstream columns, especially those of the two bottom cylinders (C5 and C6) are reduced more than those in the middle columns. Fig. 12 Vorticity contours for L/D=5 at four selected reduced velocities Fig. 12 shows the contours of the vorticity for L/D=5 and four reduced velocities. The vortex shedding pattern of the most upstream column of cylinders are similar to that of a single cylinder, due to large spacing ratio. The flow patterns are in a symmetric pattern around the two upstream columns of cylinders for all the reduced velocities. When V r =7.5 and 12, the vortex flow around cylinders in columns 4 -6 becomes very irregular, leading to broad-banded lift coefficient as shown in the FFT spectra in Fig. 13 (b) . When the reduced velocity is increased to 22, the vortex shedding becomes more regular than that when V r =7.5 and 14. It can be seen in Fig. 13 (c) that each of the response displacements of C3 -C6 has a number of distinct peak frequencies. This is because the modulation between the vortex shedding from the upstream cylinders. 
Conclusions
Flow around and flow-induced vibration of a square array of cylinders are investigated by twodimensional numerical simulations. Flow past 36 cylinders in an inline arranged square array and flow past 33 cylinders in a staggered arranged square array is firstly simulated for Re=100 and the spacing ratios of L/D=1.5, 2, 3, 4, 5. Only one vortex shedding street is observed in the wake of the cylinder array at small spacing ratios (L/D=1.5 for the inline square arrangement and L/D=1.5 and 2 for the staggered square arrangement). It appears the critical spacing ratio for the single vortex street of the staggered square arrangement is higher than that of the inline square arrangement. At intermediate spacing ratios (L/D=3 for both arrangements), vortex shedding is suppressed both from individual cylinders and from the cylinder array, resulting in very small lift coefficient. As the spacing ratio further increases ( 4 /  D L ), vortex shedding from each individual cylinder in the array occurs. Both anti-phase and in-phase vortex shedding patterns are observed and the anti-phase vortex shedding leads to a near zero lift force on the cylinder system.
Flow-induced vibration of 36 cylinders in an inline square array is simulated for a constant Reynolds number of 100, a constant mass ratio of 2.5, two spacing ratios of L/D=2 and 5 and a wide range of reduced velocities. When L/D=2, the flow is almost static downstream column-2 cylinders, leading to zero vibration amplitudes of the cylinders in columns 3 to 6 until V r =4.5. The dynamic vortex flow progresses towards downstream cylinders with increasing reduced velocities. When the spacing ratio is L/D=5, the response amplitudes and frequencies of the cylinders in the most upstream column are very similar to that of a single cylinder. The response amplitudes of the cylinders in the downstream columns in the array peak at higher reduced velocity and the maximum amplitude increases. While the response frequencies of the cylinders in columns 1 and 2 are slightly smaller than that of a single cylinder, the increasing rates of the response frequency of the cylinders in columns 3 to 6 are much smaller than that of a single cylinder and the increase rate reduces with increasing column number. 
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